Cucumber mosaic virus (CMV) is an RNA plant virus with a tripartite genome and an extremely broad host range. Previous evolutionary analyses with the coat protein (CP) and 5 nontranslated region (NTR) of RNA 3 suggested subdivision of the virus into three groups, subgroups IA, IB, and II. In this study 15 strains of CMV whose nucleotide sequences have been determined were used for a complete phylogenetic analysis of the virus. The trees estimated for open reading frames (ORFs) located on the different RNAs were not congruent and did not completely support the subgrouping indicated by the CP ORF, indicating that different RNAs had independent evolutionary histories. This is consistent with a reassortment mechanism playing an important role in the evolution of the virus. The evolutionary trees of the 1a and 3a ORFs were more compact and displayed more branching than did those of the 2a and CP ORFs. This may reflect more rigid host-interactive constraints exerted on the 1a and 3a ORFs. In addition, analysis of the 3 NTR that is conserved among all RNAs indicated that evolutionary constraints on this region are specific to the RNA component rather than the virus isolate. This indicates that functions other than replication are encoded in the 3 NTR. Reassortment may have led to the genetic diversity found among CMV strains and contributed to its enormous evolutionary success.
Cucumber mosaic virus (CMV) is the type species in the genus Cucumovirus, family Bromoviridae (20) . CMV has the broadest host range of any known virus, infecting more than 1,000 species of plants, including monocots and dicots, herbaceous plants, shrubs, and trees (6) . In the 85 years since its discovery (5, 15) , CMV has been found in all parts of the world, and numerous strains have been characterized. Hence, CMV has been very successful in rapidly adapting to new hosts and new environments. Fifteen strains have complete nucleotide sequence data published or entered in GenBank, and more than 60 coat protein (CP) sequences are available.
CMV is a tripartite plus-sense RNA virus. Like most other plant viruses with divided genomes, the genomic RNAs are packaged in separate particles. This allows a larger genome to be packaged in a very simple virion but requires that multiple virus particles invade a single cell to initiate an infection. The cucumoviruses use vector transmission by aphids, which probably ensures a multiplicity of infection sufficient to reliably establish infection. This can also allow mixtures of virus particles to initiate infection in a new host during transmission from plants infected with more than one virus and can set the stage for genetic reassortment.
CMV contains five open reading frames (ORFs) (Fig. 1 ). The 1a and 2a ORFs, encoded on RNAs 1 and 2, respectively, are the viral components of the replicase. The 2b ORF, a gene overlapping the 2a ORF, is expressed from a subgenomic RNA, RNA 4A (4) and encodes a suppressor of posttranscriptional gene silencing (1) . RNA 3 encodes the 3a protein, the viral movement protein, and the CP, expressed from subgenomic RNA 4 (for reviews, see references 6, 16, and 19).
Phylogenetic analyses by using maximum-parsimony methods are often used to resolve taxonomic questions in virology (13) . However, these analyses can also reveal important information about the evolutionary history of a group of viruses. A phylogeny estimation of the species of the Cucumovirus genus showed noncongruent trees for the amino acid sequences of the different ORFs, indicating distinct evolutionary histories for each RNA and strongly supporting the occurrence of reassortment in the evolutionary history of the genus (24) . Phylogeny estimations with the CP ORF, as well as rearrangements in the 5Ј nontranslated region (NTR) of RNA 3, divided CMV strains into three subgroups: IA, IB, and II (21) . We describe here a phylogenetic analysis of 15 CMV strains whose complete or nearly complete sequence information is available. This is the first study that shows a detailed analysis of the entire genome of this important species of plant viruses. Comparisons of the trees indicate that reassortment events were likely in the history of CMV evolution, that overprinting of the 2b ORF may have occurred more than once, and that conservation of the minus-strand replication signals is stronger for each RNA than it is within a strain. In addition, the CP and 2a ORFs exhibit both more rapid and radial evolution, in contrast to the evolutionary patterns of the 1a and 3a ORFs. This may result from a lack of constraint imposed by virus-host interactions.
MATERIALS AND METHODS
Sequence information. Source of sequences are shown in Table 1 . LS-CMV RNAs 1 and 2 were cloned as previously described (26) . Plasmids pLS-1 and pLS-2 were sequenced by using a Taq DyeDeoxy Terminator Cycle Sequencing Kit (Perkin-Elmer/Applied Biosystems, Foster City, Calif.). The products of the reaction were separated electrophoretically, and the data were processed by an ABI 373A automated DNA sequencer (Perkin-Elmer/Applied Biosystems). DNA sequences were assembled and edited by using the PC/Gene program ASSEMGEL (IntelliGenetics, Mountain View, Calif.). The sequences of LS-CMV RNAs 1 and 2 were deposited in GenBank under accession numbers AF416899 and AF416900, respectively.
Multiple sequence alignments and phylogeny estimations. Sequences were aligned by using the GCG package (version 10.0) program PILEUP, with the ER strain of Peanut stunt virus (ER-PSV) as an outgroup, and alignments were edited by using either the GCG Seqlab editing program or MacClade 4.0. Phylogeny estimations were done by using PAUP 4.0b5, maximum-parsimony setting, and a 100-replicate bootstrap search with either the heuristic or the branchand-bound search option. Gaps were handled as a fifth character state. The length of each alignment and the number of informative characters used for analysis are shown in Table 2 . All branches with Ͻ70% bootstrap support were judged inconclusive and were collapsed (7, 12) . Branch lengths for all trees were normalized to 5% divergence, except for the 2bAA analysis, wherein branch lengths are compressed to represent twice as much divergence as in the other trees, in order to fit the figure into a similar space.
RESULTS
Analysis of the RNA 3 ORFs. The CP gene for the 15 strains used in this study, encoded in the 3Ј portion of RNA 3, shows a pattern of divergence similar to the earlier report with 53 strains (21) (Fig. 2) . All of the subgroup IB strains used in the earlier report, however, originated in Asia. The Tfn strain, isolated from tomatoes in Italy, was included in this study and shows very close evolutionary ties to Nt9-CMV, a subgroup IB strain isolated in Taiwan. Also, as in the previous study, there is very little branching within the subgroup clades. In the 3a gene, however, there is more branching within the groups (Fig.  3) . The number of informative characters for both ORFs is high (Table 2 ) but is greater in the CP ORF (212 of 788) than in the 3a ORF (197 of 866).
Analysis of the RNA 2 ORFs. The 2a ORF can be clearly divided into three clades that correspond to subgroups IA, IB, and II. In addition, the pattern of sequence divergence in the 2a ORF is largely radial (Fig. 4) , a finding similar to what is seen with the CP.
The nucleotide sequence divergence in the 2b ORF shows a pattern very similar to the 2a ORF (Fig. 5A ) and is undoubtedly constrained by the 2a, since much of the ORF overlaps the 2a. The amino acid divergence pattern, however, differs dramatically in the length of the branches, particularly in the distance from the common ancestor of CMV to the subgroup II ancestor (Fig. 5B) .
Analysis of the 1a ORF. The 1a ORF encodes the methyl transferase and helicase motifs conserved in many RNA viruses. The divergence of subgroups I and II is clearly seen in the 1a phylogeny estimation (Fig. 6) ; however, the further divergence of subgroup I into IA and IB is not as obvious and indicates an evolutionary history that is quite different from what is seen in the other RNAs. 3 NTR. The signals for virus replication are contained in the promoters at the 3Ј ends of the plus and minus strands. The minus-strand promoter has been well defined and consists of a highly conserved region that can fold into two alternate structures of either a cruciform or a pseudoknot structure (16) . This 3Ј region was aligned for all three RNAs from each strain (strain S was not included in this analysis because not all of the NTR sequences are available). Care was taken not to include any sequences outside of the conserved 3Ј-end structure. When these sequences were analyzed phylogenetically, the 3Ј regions grouped predominantly by RNA component rather than by virus strain, especially in the subgroup II isolates, indicating that constraints on this region are more complex than simply those imposed by the replicase (Fig.  7) . 
DISCUSSION
In the CP and 3a phylogenies, the subgroup IB appears to be ancestral to the IA subgroup, i.e., the IA isolates probably radiated from a IB isolate. Tfn is the first non-Asian subgroup IB strain described to date and likely originated in Asia. The only apparent differences between the CP and 3a trees are in the degree of branching, which is somewhat higher in the 3a, and in the branch lengths, which are longer in the CP tree, especially the branches that lead to the subgroup I and II divisions. These differences probably reflect different constraints on the evolution of each ORF. As far as is known, the CP interacts predominantly with itself or with the viral RNA and has little interaction with the host. CP interactions with the aphid vector are also probably minimal and mostly nonspecific, since more than 85 species of aphids can transmit CMV (6) . In contrast, the 3a protein is involved in virus movement and interacts with the host plasmadesmata. Hence, some of the evolutionary constraints on the 3a protein are imposed by the host, which may allow less radial divergence from the ancestral state and a more compact tree. A radial pattern in a phylogenetic tree can also indicate that there is not enough data to resolve the tree; however, the high level of informative characters in all of these analyses indicates that the trees are probably rigorous.
The 2a protein contains the GDD motif found in most RNA-dependent RNA polymerases. The 2a forms the viral replicase complex, together with the 1a protein and a number of host factors. Details of the interactions and formation of the complex are unknown but are presumed to be similar to the 1a-2a interactions of Brome mosaic virus (3, 17, 22) . Upon comparison of the 2a tree with the 1a tree, it can be seen that there is a significant difference in the degree of branching and in overall branch lengths, a finding similar to what was seen in the CP and 3a trees. The 1a tree is almost completely resolved, in spite of the fact that there were less-informative characters than were used for the 2a ORF. This may indicate that the evolution of the 2a protein is not constrained by virus-host interactions and thus is not the replicase component that interacts with the host factors but rather that it interacts with the 1a and/or itself, as well as with the viral RNAs.
The 2b ORF is an overlapping ORF, found at the carboxy terminus of the 2a ORF (4) . The region of overlap is apparently a highly flexible region of the 2a ORF. ORFs in this position occur in all members of the Cucumovirus genus but in only one other member of the Bromoviridae family: the Ilarvirus genus. All of these ORFs are found in the ϩ1 reading frame, with reference to the 2a ORF (25) . In all of the CMV isolates the 2b initiation codon is in a homologous position, but in the other members of the Cucumovirus genus initiation occurs in a different position. The level of 2b sequence similarity at the amino acid level is low among Cucumovirus species compared to the amino acid sequence similarity of other ORFs (data not shown). In addition, the identity at the nucleotide level (55 to 62%) is higher than the amino acid identity level (37 to 50%). Taken together, this indicates that the 2a is the ancestral ORF and may indicate that the cucumovirus 2b arose more than once and is found in a similar location because it is the most flexible portion of the viral genome. If the 2b ORFs did indeed arise more than once, the PSV and CMV amino acid sequences are not strictly homologous even though the nucleotides are homologous, and it may not be appropriate to use PSV as an outgroup. However, analysis of the 2b ORF by using an unrooted tree and deleting PSV did not change the relationships or branch lengths in the ingroup. The 3Ј NTR clearly contains the promoter for minus-strand synthesis of the viral RNA during replication. Its primary function involves interaction with the replicase (i.e., the 1a and 2a proteins, along with host factors). In both artificially generated and naturally occurring reassortants in the cucumoviruses, the 3Ј regions of RNAs 3 have been exchanged with those of RNA 1 or RNA 2, presumably to better accommodate the replicase (8; M. J. Roossink, unpublished results). Hence, the grouping of the 3Ј regions by RNA rather than by strain was surprising and indicates that RNA-specific functions are encoded in this region, in addition to the replicase functions. These functions may be related to controlling translation. In CMV, the 1a and 2a proteins are expressed at very low levels compared to the 3a protein and the CP. The 3Ј region of RNA 3 of the related virus Brome mosaic virus is involved in regulating translation (10); hence, it seems likely that RNA-specific translational regulation would reside in this region.
A closer look at each ORF in the subgroup I strains reveals that only the 3a and CP ORFs are congruent (with the exception of the divergence pattern: branched versus radial). In the RNA 3 ORFs the IA strains fall out as a clade within the IB strains. In the RNA 2 ORFs, subgroups IA and IB are found on separate clades, and in the RNA 1 ORF the IA strain is separated from the rest of the subgroup IB strains. The remainder of the subgroup I strains fall out as a three clades: one containing the rest of the IB subgroup, and two for the IA subgroup. Hence, each RNA appears to have a different evolutionary history. This implies that the extant strains were generated through reassortment events. Different selective constraints on the various RNAs is also consistent with these data, and such constraints could have facilitated the selection of reassortants over their parental variants.
Reassortment of RNA viruses with divided genomes has been demonstrated for other viruses such as influenza virus (23) and bacteriophage ø6 (2), as well as for plant viruses such as tobraviruses (18) and cucumoviruses (24) . Within-species reassortment has been demonstrated for PSV (14) . Field surveys of CMV in Spain suggested that reassortment was a rare event (9) , but these studies analyzed recent events of reassortment. In the present study events are analyzed that occurred over a much longer period of evolutionary time, although the actual amount of time that CMV has been diverging is unknown. Reassortment could have both positive and negative effects on a virus. The increased genetic diversity afforded by reassortment may allow for host range expansion and may allow for recovery of strains bearing deleterious mutations. However, if the reassortant event occurs between two strains that are already highly divergent, it may cause problems in protein-protein interactions, such as those required for a fully functional replicase, or in recognition of promoter sequences, RNA packaging signals, and other intra-RNA functions. In these cases the reassortment event may be common but the new viruses may be eliminated by strong negative selection. Clearly, CMV has been an evolutionarily successful virus, with both a very broad host range and a worldwide distribution. It is likely that reassortment events have played an important role in this success, and it is clear that reassortment is important in the evolution of new viruses.
